Evolution of fitness values upon replication of viral populations is strongly influenced by the size of the virus population that participates in the infections. While large population passages often result in fitness gains, repeated plaque-to-plaque transfers result in average fitness losses. Here we develop a numerical model that describes fitness evolution of viral clones subjected to serial bottleneck events. The model predicts a biphasic evolution of fitness values in that a period of exponential decrease is followed by a stationary state in which fitness values display large fluctuations around an average constant value. This biphasic evolution is in agreement with experimental results of serial plaque-to-plaque transfers carried out with foot-and-mouth disease virus (FMDV) in cell culture. The existence of a stationary phase of fitness values has been further documented by serial plaque-to-plaque transfers of FMDV clones that had reached very low relative fitness values. The statistical properties of the stationary state depend on several parameters of the model, such as the probability of advantageous versus deleterious mutations, initial fitness, and the number of replication rounds. In particular, the size of the bottleneck is critical for determining the trend of fitness evolution.
The initial steps in virus evolution are generation of diversity (through mutation, recombination, and genome segment reassortment in multipartite genomes), competition among the generated variants, and selection of those mutants showing the largest phenotypic advantage in a given environment (see overviews in references 9, 14, 17, 28, 30, and 40) . Because of high mutation rates during viral RNA biosynthesis (2, 18) , RNA viruses replicate as complex mutant swarms termed viral quasispecies (14, (21) (22) (23) (24) . The degree of adaptation of a viral quasispecies to a given environment is often quantitated by a relative fitness value, which measures the replication capacity of a viral population relative to a reference mutant distinguishable either genotypically or phenotypically (15, 26, 33, 37) . The long-term survival probability of a virus should consider parameters other than replication capacity (such as particle stability, transmissibility, etc. [11, 12, 15] ). Despite their limitations, relative fitness values, determined by growth competition experiments between two viral populations in cell culture and in vivo, are providing insights into basic features of quasispecies evolution as well as viral disease progression (5, 15, 49) .
Because of the large variations in viral population size during infections in vivo, a focus of interest has been the study of the influence of virus population size on the evolution of fitness values (reviewed in reference 15). Experimental results with several RNA viruses have documented that large population passages often result in fitness gains (7, 26, 43, 45, 58) while repeated bottleneck events (serial plaque-to-plaque transfers being an extreme example) lead to average fitness losses (6, 19, 25, 27, 59, 60) , as predicted by the operation of Muller's ratchet (38, 41) . According to this mechanism, asexual populations of organisms will tend to accumulate deleterious mutations in an irreversible fashion unless accumulation is retarded by recombination. Studies with vesicular stomatitis virus (VSV) established that the size of the population bottleneck that led to either an increase, a decrease, or maintenance of a fitness value was determined by the initial fitness of the population (44) . Consistent with this observation, exponential fitness gains observed upon large population passages were eventually limited by the population size, resulting in stochastic fitness variations (46) .
In a recent study of the fitness evolution of foot-and-mouth disease virus (FMDV) clones subjected to at least 100 successive plaque-to-plaque transfers, a linear accumulation of mutations together with a biphasic fitness decrease was observed (27) . The second phase showed fitness fluctuations around a fitness mean value without perceivable fitness loss. This fact is remarkable since it could underlie a mechanism for low-fitness viral populations to elude extinction. For the present report we developed a numerical model that investigates fitness losses of fast-replicating genomes displaying high mutation rates and subjected to plaque-to-plaque transfers. The results with this new numerical model are in agreement with experimental results showing a biphasic fitness evolution of FMDV clones and fitness stability upon plaque transfers of very low fitness clones (27) . The model predicts also the effect of transmission size on fitness evolution, as documented previously with experiments using VSV (44) . Given its relevance to virus survival, the fitness stability of low-fitness clones has been further supported by 30 additional plaque-to-plaque transfers of highly debilitated FMDV clones. An essential feature of the model is the consideration of advantageous compensatory mutations as a molecular mechanism to cause fitness recovery, a feature adopted on the basis of experimental observations made with FMDV (1, 26) and also with unrelated systems such as human immu-nodeficiency virus (HIV) type 1 (4, 42) and some antibioticresistant bacteria (3, 50) .
MATERIALS AND METHODS
Plaque-to-plaque transfers of FMDV clones. The origin of BHK-21 cells, procedures for cell culture, and plaque assays with FMDV have been previously described (25) (26) (27) . Relative fitness values of FMDV clones were estimated from the average number of PFU present in a plaque grown on a BHK-21 cell monolayer, determined upon triplicate platings; this procedure is identical to that used in previous studies (27) and differs from the standard measurement based on growth competition experiments (33) . FMDV clone C 130 10 was obtained after subjecting clone C 1 10 to 130 plaque-to-plaque transfers as previously described (27) . C 1 10 is a clone derived from C-S8c1, the standard FMDV clone used in our laboratory and which was obtained from natural isolate C-Sta. Pau Sp/70 (53) ; the isolation of C 1 10 was described in reference 25. In the present experiments four subclones derived from clone C 130 10 were subjected to 30 additional plaque-to-plaque transfers following the plating procedure described previously (27) .
Numerical model. The model developed in the present study delineates fitness evolution upon plaque-to-plaque transfers, mimicking the experiments carried out elsewhere with RNA viruses and in particular with FMDV (25, 27) . To study the effect of population size on fitness variation, transfers involving pools of virus from a number (Np) of plaques to Np plaques in the way described by Novella et al. (44) have also been modeled. The model is divided into two main steps.
Step 1: simulation of the development of a lytic plaque. The process starts with a "virtual" single virus genome which after several replication cycles (denoted by r) will generate progeny, in a way analogous to the viral population produced in a lytic plaque. Each individual virus is characterized only by a parameter, W, standing for its fitness, which can take discrete values ranging from 1 to ϱ. Fitness values are taken as the mean direct progeny per individual, which is proportional to the replication rate. Other factors that may have an influence on fitness (11, 12) are not considered. Individuals in the model are referred to as sequences or genomes instead of viruses. Each sequence has a certain probability of generating a number k (k ϭ 1, 2, 3, . . .) of direct descendants after replication. The probability P(k) of generating k descendants is given by a Poisson distribution,
which W is the viral fitness, given here as the mean number of direct descendants (54) .
During progeny formation, mutations take place, giving rise to genomes with the same fitness as, or lower or higher fitness than, the starting one. Each time that a deleterious mutation occurs (probability of occurrence of deleterious mutation ϭ p), the fitness of the new genome decreases by one unit, and when the mutations are advantageous (compensatory and back mutations) the fitness increases by one unit (probability of increase of fitness ϭ q). In the model, q Ͻ Ͻ p Ͻ 1 and the highest probability (1 Ϫ p Ϫ q) corresponds to occurrence of mutations with no discernible effects on fitness. As only phenotypic variations are observed, the model does not distinguish between sequences with neutral mutations and those with no mutations. The first replication cycle (r ϭ 1) corresponds to the replication of the founder sequence to give a number (k) of progeny with probability P(k). Each new sequence can also initiate its own replication, originating a new ensemble of daughter sequences whose number is also described by a Poisson distribution. The process is performed for a given number of replication cycles (r), r being proportional to the time of plaque development (24 to 48 h in the experiments with FMDV [27] ).
Step 2: selection of the sequences for the subsequent transfers. In the previous step, an ensemble of sequences with different fitness values was generated. Fitness always has a positive value, as sequences with W Յ 0 do not replicate and are lost. The transition to W Յ 0 defines an extinction threshold which is parallel to the case of the experimental system when viruses which have accumulated many deleterious mutations or a lethal mutation do not originate plaques and do not participate in the next round of plaque formation. One of the plaque-forming genomes is randomly chosen and used as input for repetition of step 1. Steps 1 and 2 are then repeated a number of times (T), analogous to a number of plaque-to-plaque transfers carried out in the laboratory. Each time that a simulated lytic plaque develops, it is possible to determine the distribution of fitness values of the genomes composing the plaque and the number of genomes generated from the parental one.
Numerical computations. The computer programs were written in FOR-TRAN language. Short runs were carried out on a Pentium 3, and long runs were performed on an Alpha 64-bit DS10 466 MHz, computer.
RESULTS AND DISCUSSION
Effect of initial fitness. The objective of the present study is to develop a model that simulates the evolution of fitness values of viral populations subjected to serial plaque-to-plaque transfers, by using parameter values derived directly from experimental results. In the numerical model the process is started with genomes of different initial fitness values (W 0 ). In all cases studied, there was a time interval, corresponding to the first transfers, in which the number of infectious individuals generated (which is proportional to the fitness of the population at each transfer) decreased in a roughly exponential manner. After a variable number of transfers (T ϳ 200 for W 0 ϭ 5 and T ϳ 500 for W 0 ϭ 15 [ Fig. 1 ]), the decreasing trend stopped and a statistically stationary state of fitness values was reached. In this second phase, the number of individuals generated at each passage showed large fluctuations around a mean value which was independent of the fitness of the sequence which started the process. The values of the slopes of fitness decrease and the mean values attained at the stationary state were calculated for different W 0 . When the parameters p and q were kept constant throughout the successive transfers, there were no variations, either in the rate of fitness decrease or in the mean fitness value reached at the stationary state (Fig. 1 ). To attain a more realistic description of the process of fitness evolution, some modifications were introduced in the numerical simulations. In the real experimental process of serial plaque transfers, the higher the fitness of the initial quasispecies, the higher the probability of obtaining variants with deleterious mutations (44) ; thus, the effects of population bottlenecks leading to a fitness decrease were more drastic. This was introduced in the simulation by making the probability of fitness decrease (p) proportional to the fitness (p ϭ 0.01 W). In this case, the model shows that the higher the fitness of the starting genome, the higher the absolute value of the slope of the decreasing phase (Table 1) . However, the average fitness value reached in the stationary state and the passage number at which the stationary state started were essentially independent of the initial fitness ( Table 1) . Effect of the frequency of deleterious mutations. The reductions in fitness upon successive transfers and the time span before the stationary state was achieved were closely related to the frequency of deleterious mutations ( Table 2 ). The rate of decrease in the number of infectious individuals at each plaque transfer (proportional to the average fitness) increased with p. Both the mean fitness value at the stationary phase and the number of passages required to reach the stationary fitness level decreased as p increased (Table 2) .
Basis for a stationary state of fitness equilibrium. To investigate the possible origin of fitness equilibrium, the statistical distribution of fitness values at different transfers (W T ) was analyzed (Fig. 2) . The initial sequence was given a fitness of 5, and during a certain number of transfers the average fitness of the distributions decreased (W 10 ϭ 4.97, W 100 ϭ 4.78, and W 600 ϭ 2.75) until a constant average value was obtained (W 600 ϭ W 1,000 ϳ 2.7). The results show that the shape of the distributions changes with the transfer number. At the stage of fitness decrease (i.e., T ϭ 10 and T ϭ 100) the distributions are quite symmetric, indicating that during the development of a lytic plaque similar amounts of genomes with fitness lower or higher than the average were generated. A distribution of fitness values was previously reported for subclones of VSV (20) . However, the distribution of fitness values at the stationary stage (i.e., T ϭ 600 and T ϭ 1,000) is more asymmetric, reflecting the existence of a boundary on the lower values of fitness indicative of an extinction threshold, which causes the distributions to be skewed toward higher fitness values (Fig. 2) . The distributions at T ϭ 600 and T ϭ 1,000 were very similar, suggesting that in the stationary state the probability of choosing a genome with a given fitness for the next transfer does not change with time, and consequently, the average number of infectious individuals generated when the process has reached this point is the same at different transfers. Due to the broad distribution of fitness obtained, large fluctuations in fitness values at different transfers are observed.
Infective population size and fitness evolution. The effect of the transmission size (number of infectious units from a virus population used in successive infections) on fitness evolution was studied by choosing different numbers of sequences to initiate the replication in the next transfer. The transmission size was critical to determine the trend of fitness evolution. For W 0 ϭ 6, fitness losses occurred when the transmission size Np was 1 or 2, whereas a transmission size of 3 or higher resulted in fitness gains (Fig. 3A) . As expected from the results of the plaque transfers involving one genome, an initial phase of fitness variation was followed by a stationary state which was more evident when the transmission size was small (Fig. 3A) . The average fitness value at the stationary state was completely determined by the transmission size of the population (keeping constant the values of p, q, and r). This implies that, for a given transmission size, the fitness of the population may increase or decrease, depending on whether the initial fitness is lower or higher than the characteristic fitness determined by the transmission size (Fig. 3B) . After a sufficient number of transfers, all the populations converged toward a similar average fitness value which was independent of the initial fitness. 
Exploration of different parameter values and consistency with experimental results.
The influence of p, q, and r on fitness evolution has also been explored. In all cases the qualitative behavior of the model was the same provided q Ͻ Ͻ p Ͻ 1. The biphasic evolution of fitness, the presence of a stationary state, and the statistical properties of the fluctuations did not depend on the particular parameters chosen. Some combinations of parameters gave quantitative results quite similar to those observed in the actual process of plaque-to-plaque transfers carried out with FMDV (Fig. 4) . With p ϭ 0.06 and q ϭ 0.001, both the rate of decrease of fitness as a function of plaque transfer and the transfer number at which the stationary state starts were very close to the values obtained experimentally (compare Fig. 4A and B) . The stationary fitness level with r ϭ 8 was closer to the experimental value than was the level predicted with r ϭ 5. As examples of gross discrepancy 30 10 was subjected to 100 successive plaque-to-plaque transfers (27) . (Right) Plaque titers obtained with four subclones (a, b, c, and d) were isolated from C 30 10 plaque transfer 100 and subjected to 30 transfers; the time of plaque development was 26 to 30 h. For some plaque transfers of clone C 30 10 plaque transfer 100c (marked with an asterisk), the time of plaque development was increased to 46 h, since plaque transfer 27 contained less than 10 PFU after 27 h of plaque development. Note that the scale of the ordinate in the four right panels is different from that in the left panel. Simulations and experimental procedures are described in Materials and Methods.
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with experimental results, two simulations with p ϭ q are included in Fig. 4A . When p ϭ q ϭ 0 (no mutations) (Fig. 4A , lower left panel), population fluctuations (due to the distribution of fitness according to a Poisson distribution) without a transient phase of fitness change were observed. When p ϭ q ϭ 0.02 (Fig. 4A, lower right panel) , an increase in the number of infectious units occurred due to the faster replication of sequences that increase their fitness as a consequence of beneficial mutations. Longer simulations (data not shown) indicated that the average fitness grew in an unrestricted fashion and that no stationary state was reached. We have also explored a number of variations of the rules of our model (real values for fitness instead of integer numbers, different values of the extinction threshold, continuous replication of sequences instead of discrete replication cycles, etc. [S. Manrubia, M. Arribas, and E. Lázaro, submitted for publication]). In all cases the qualitative behavior was unchanged, and the conclusions were not altered. The robustness of average fitness stability has been further explored experimentally by subjecting four subclones derived from an FMDV clone which had already reached a stationary state of fitness values to 30 additional plaque-to-plaque transfers (Fig. 4B) . It is very remarkable that after 30 additional plaque transfers-a total of 90 plaque-to-plaque transfers since the stationary state was reached (27)-the mean average fitness of the virus remained constant. As also observed in the numerical simulations, the successive fitness values determined experimentally showed large fluctuations. These are expected from the broad fitness distribution of the individuals which compose the population ensemble and which are the origin of the single individual genome that participates in the subsequent transfer. The presence within a plaque of genomes with different fitness values was also documented experimentally by analyzing subclones isolated from the same parental clone (27) .
Main features of the model, biological implications, and connections with present views of RNA virus evolution. The numerical model proposed here includes as a main feature the occurrence, with a low probability, of advantageous mutations that play a key role in reaching a stationary state of fitness, after a transient phase of variable fitness values. The model incorporates also the likely higher frequency of neutral and deleterious mutations than of advantageous mutations in the course of virus plaque formation. However, the frequency of neutral mutations during virus evolution is unknown. Often synonymous mutations are the best candidates to be neutral. Yet the picornavirus coding regions may contain cis-acting elements which confer on open reading frames a phenotypic involvement in addition to their protein coding function (31, 39) . Evidence of a selective value of synonymous replacements has been obtained with several RNA viruses (13, 52) . Therefore, synonymous mutations within these elements are unlikely to be neutral. Furthermore, recent evidence has shown that a corrected ratio of nonsynonymous to synonymous mutations may be taken as indicative of positive selection in an experimental setting in which positive selection is impossible (56) , making quantifications of neutral sites on the basis of the ratio of nonsynonymous to synonymous mutations questionable. Given also the contingent nature of some neutral mutations (48) , it is likely that the number of truly neutral sites in RNA genomes with compact genetic information is limited, albeit the number is unknown and difficult to estimate. This uncertainty should not affect the numerical model proposed here, since one of its basic quantitative features is that the combined number of deleterious and neutral mutations largely exceeds the number of advantageous mutations, irrespective of the proportion of deleterious to neutral mutations.
The stationary state of fitness values results from an equilibrium between the trend to eliminate individuals as their fitness falls below the extinction threshold and the probability of selecting for the subsequent transfer individuals with compensatory mutations. This probability is higher in the stationary state than in the transient phase, as a consequence of the increased number of individuals whose fitness becomes zero. The occurrence of compensatory, advantageous mutations was not introduced in most models of Muller's ratchet (32, 35) , which considered that back mutations (true reversions) constituted the only mechanism to compensate for the negative effects of deleterious mutations. Wagner and Gabriel (57) considered the effect of compensatory mutations in a model of fitness evolution in finite parthenogenetic populations subjected to random drift. They also observed a biphasic dynamics in which, after an initial transient phase, a stationary state was reached. That compensatory mutations are far more frequent than back mutations has been directly demonstrated experimentally by determining the entire genomic nucleotide sequences of FMDV produced within individual plaques without any biological amplification (27) . A similar absence of back mutations was found in the process of fitness gain of FMDV clones upon large population passages (1, 26) . The molecular basis for fitness increase by compensatory mutations includes restoration of secondary and higher-order RNA structures in regulatory elements and recovery of catalytic activities in viral enzymes, among others (14) . Even in models that did not incorporate the occurrence of beneficial mutations, the predicted speed of the ratchet was higher when the number of deleterious mutations accumulated in a population was low (35) . When the number of deleterious mutations reached a certain value, the speed of the ratchet could be dramatically decreased through epistatic effects. In yet another theoretical model, it has been recently shown that the time between successive clicks of the ratchet (corresponding to the total elimination of the fittest type) grew exponentially with any additional mutation (8) . In the latter model, despite the fact that the system never reached a truly stationary state, the ratchet was, in practice, arrested.
Kondrashov (35) discussed the case of truncation selection (an extreme form of epistasis), which is directly comparable to our model in the marginal case where beneficial mutations are absent (q ϭ 0). Indeed, if the fitness of a population takes a zero value when the number of mutations exceeds a threshold, the population reaches a "stationary" state where all individuals have the same positive minimum fitness level and have accumulated in their genome exactly the maximum number of mutations compatible with viability. The population sits then precisely at the extinction threshold with no diversity in the system. Consequently, under these conditions there is no possibility of fitness recovery. This threshold would be represented in our model by the minimum allowed fitness, thus mimicking a sort of truncation in the sense of the model proposed by VOL. 76, 2002 MODELING VIRAL GENOME FITNESS EVOLUTION 8679 Kondrashov (35) . However, as soon as q is set to a positive value, the following effects, which have been indeed observed in experimental settings, are obtained: (i) the stationary state is not at the minimum value of fitness; (ii) occasionally, the whole population can attain states of higher fitness; and (iii) states with low fitness can be reversed through large population passages.
The model predicts that, in the case of HIV infections, low-fitness virus could be endowed with mechanisms to elude extinction. Prolonged survival of HIV could occur despite remarkable fitness decreases associated with incorporation of mutations that confer resistance to antiretroviral inhibitors (4, 42) and the effect of fitness decrease in delaying disease progression (49) and despite reductions in population size following highly active antiretroviral therapy (reviewed in reference 9).
There are ways, other than consecutive plaque transfers, to push a viral population toward accumulation of deleterious mutations. Among them, the use of drugs that increase the mutation frequency is of special relevance (14, 34, 51) . The use of mutagenic agents either alone or in combination with antiviral inhibitors can drive viral populations to extinction (10, 36, 47) . Our numerical model predicts that an increase in the rate of deleterious mutations (assumed to be directly related to the total mutation frequency) will drive the population to a stationary state with a lower average fitness level. This suggests that a high-enough deleterious mutation rate could push the population toward extinction, since all the individual genomes would be eliminated due to the negative selection. It is very intriguing how some organisms or simple replicons such as viruses have evolutionarily selected for the replication of their genomes an average mutation frequency which allows them to adapt rapidly to environmental changes while evading extinction despite the likely occurrence of bottleneck events in the course of infections within hosts and in the process of viral transmissions between infected and susceptible hosts (29) .
Both the biphasic fitness evolution accompanying serial plaque transfers and the effect of transmission size and initial fitness on fitness variations predicted by the numerical model described here are in complete agreement with experimental results (27, 44) . Such an agreement constitutes a proof of the validity of our model and of the dynamics predicted at very high passage number, under conditions not yet explored in laboratory experiments. In particular, the model encourages additional experiments to study the molecular basis of longterm fitness stability upon many additional plaque-to-plaque transfers, despite continuing high mutation rates. This equilibrium state offers an interesting counterpart to the population equilibrium (constancy of consensus or average nucleotide sequence despite a complex and dynamic mutant spectrum) attained after many large population passages (16, 55) . It would be extremely informative for an understanding of quasispecies dynamics to compare the composition of mutant spectra in low-fitness and in high-fitness equilibrium states.
